Measurement of the Current Profile in
Abstract. Upgrades to the motional Stark effect (MSE) diagnostic on Alcator C-mod have enabled accurate measurement of the current profile using pitch angle constrained magnetic equilibrium reconstructions. The MSE diagnostic utilizes an intrashot calibration technique along with kinetic profiles to constrain the reconstruction throughout the discharge. The system was used to study the current profile in plasmas with substantial Lower Hybrid Current Drive (LHCD), including fully non-inductive discharges sustained for several current relaxation times. The current profile evolution is reconstructed using the MSE data with 100ms time resolution as LHCD is applied to the plasma and as the plasma current profile relaxes back to inductively driven after LHCD ceases. The LH driven current is observed to be off-axis and significantly broadens the plasma current profile, resulting in q o above 1 and sawtooth suppression. In fully noninductive discharges the reconstructed q profile is flat or non-monotonic. In plasmas with significant LHCD the plasma evolves towards a non-inductive equilibrium but in certain discharges large MHD instabilities coincide with a significant reduction in current drive. The reconstructed driven current profile was measured over a variety of parameters including plasma current, launched n || and LH power. The plasma density was varied over a range where previous work shows the current drive efficiency decreases precipitously from the classic efficiency scaling proportional to 1/n e . As the density is increased the LHCD modification of the current profile is observed to decrease, consistent with decreases in non-thermal ECE emission and hard X-ray production indicating negligible current drive. 
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I. RECONSTRUCTIONS CONSTRAINED BY THE MOTIONAL STARK EFFECT DIAGNOSTIC
Alcator C-Mod uses a system to launch lower hybrid waves that drive off-axis current to produce optimized current profiles for advanced tokamak scenarios and to study the physics and technology of lower hybrid current drive (LHCD) [1] . The LHCD system uses twelve klystrons operating at 4.6 GHz with CW power up to 250kW each. The klystrons inject waves into the plasma through a 4 row x 16 column launcher which uses a 4-way splitter to distribute the power among the poloidal rows [2] . The klystron phases are dynamically controlled to allow the launched n || spectrum to be changed within a shot. The launcher is capable of coupling ~1MW of power into the plasma for up to 1s during a C-Mod discharge lasting ~2s.
To aid in physics studies of current drive, a 10-channel Motional Stark Effect (MSE) diagnostic viewing a 50keV diagnostic neutral beam has been developed for Alcator C-mod [3] . By detecting the angle of the polarized light emitted from the neutral beam, this system measures the magnetic pitch angle (~ B P /B T ) at points on the plasma midplane with coverage from the core to the outer edge of the plasma. These measurements are used as internal constraints in a magnetic reconstruction using the code EFIT [4] . The reconstructions use spline basis functions to handle non-monotonic current and complex pressure profiles [5] . Due to C-Mod's compact geometry, the MSE system uses a complicated optical periscope to transmit the light out of the vessel where the polarization is then encoded. Effects such as Faraday rotation and stress-induced birefringence in the relay optics often cause the polarization angle to rotate prior to detection, thus introducing a spurious calibration drift in the diagnostic. Extensive efforts to characterize and/or eliminate the spurious calibration drift have decreased but not eliminated it. The spurious drift in the MSE calibration is constant within a shot and is properly described by a simple angle offset. In order to obtain an accurate reconstruction the diagnostic is calibrated using a within-shot technique [6] . In this approach, the MSE system measures the plasma pitch angles several current relaxation times into plasma current flat top but just prior to the application of LHCD. Magnetic reconstructions during this Ohmic period are obtained based on magnetics measurements, kinetic profiles from the Thomson scattering diagnostic and q= 1 at the sawtooth inversion radius as constraints. The pitch angles from this reconstruction are compared to the MSE measured pitch angles and an offset is calculated for each MSE channel. At other times during the discharge the measured MSE pitch angles are calibrated using this offset before being used along with magnetics data and kinetic profiles to constrain the reconstruction. In effect the MSE diagnostic measures the change in magnetic pitch angle due to the application of LHCD. The validity of this calibration technique is confirmed by experiments in current ramps and plasma size scans.
A typical result with LHCD is shown in Figure 1 where 800kW is applied to a 550kA discharge, significantly decreasing the loop voltage though not driving the discharge completely non-inductively. MSE-constrained reconstructions show the application of LHCD significantly broadens the current profile, raising q 0 above 1, consistent with the suppression of sawteeth. Sawteeth restart ~100ms after the LHCD is turned off which is similar to the current penetration time on Alcator C-Mod. Reconstructions of similar discharges done on the MSE timebase (50-75 ms) show the current profile evolving from the broad profile during LHCD to the pre-LHCD Ohmic profile with q min ~1 at the time of sawtooth restart.
FIGURE 1:
The MSE diagnostic is calibrated using awithin-shot technique using the pitch angles extracted using a reconstruction during the Ohmic phase from ~0.5s -0.7s. The corrected pitch angles are then used to constrain the reconstructions from ~1.2s-1.4s during LHCD (upper right pane). Reconstructions show application of LHCD to the plasma at 0.8s significantly broadens the current profile (lower right pane) while increasing the central q value (lower middle pane). Sawteeth are suppressed ~100ms into the LHCD phase and restart ~100ms after the LHCD ceases, a timescale consistent with the current penetration time on Alcator C-Mod.
II. MEASUREMENT OF THE NON-INDUCTIVE LHCD CURRENT PROFILE
At moderate density (n e ave ~5x10 19 /m 3 ) and low current (I p < 600kA) it is possible to drive the current 100% non-inductively for many current penetration times using LHCD. During this period the MSE-constrained reconstructions directly indicate the LHCD current profile. Figure 2 shows the current profile reconstructed during a fully relaxed, non-inductive discharge (solid line) compared to the pre-LHCD Ohmic period (dashed line). Note that the driven current profile is wider during LHCD than during the Ohmic portion but is still peaked on axis. During this portion of the discharge the q profile is flat or non-monotic in the central region and the sawteeth are suppressed. The measured current drive efficiency, = / ≈ 0.25 10 19 A/Wm 2 is consistent with previous extrapolated results using discharges with some residual inductive drive [7] .
It is interesting to note that in very similar discharges large MHD instabilities (thought to be a 2/1 tearing mode) are triggered as the current profile changes due to LHCD, significantly degrading the current drive performance and preventing non-inductive operation. This indicates these noninductive discharges may be evolving near a stability boundary with small changes making the discharge MHD unstable.
III. DEPENDENCE OF LHCD CURRENT PROFILE ON PLASMA DENSITY
Previous work on multiple tokamaks [8, 9] has shown the LHCD current drive efficiency decreases faster than the 1/n e scaling predicted by theory above a density ~7x10 19 m -3 . Various mechanisms have been proposed to explain this deficiency including parametric decay instabilities [10] , full wave effects [7] and collisional absorption in the scrape-offlayer [11] . The upgraded MSE system and new reconstruction method were used to constrain reconstructions in a shot-toshot density scan with P LH , I p , B T , n || and magnetic geometry held constant. The measured driven current density can be compared to RF codes including these effects to determine their relative contributions to the loss of current drive. The measurements were taken ~0.4-0.5s after the start of LHCD with all parameters stationary and the current profile fully penetrated. In these discharges the current profile is composed of the fast electrons from the LHCD, the residual Ohmic current driven by the remaining loop voltage and the change in resistivity due to the presence of the fast electrons [12] :
To estimate the LHCD current profile on discharges with some residual Ohmic current drive the LHS of equation 1 is calculated from the MSE-constrained reconstructions and the second term in the RHS of equation 1 is estimated by scaling the measured pre-LHCD Ohmic current profile taking into account heating by LHCD and the change in loop voltage: This analysis assumes the resistivity has Spitzer resistivity temperature dependence; that the current profile is fully penetrated; and that the Z eff profile is the same between the Ohmic and LHCD periods. As the density is increased the driven RF current profile estimated using this technique approaches zero across the entire plasma, indicating these assumptions are valid in this regime. The third term on the RHS of equation 1 has been shown to be small for the operating regime of interest on C-Mod [7] and is lumped into the LHCD current profile term. An example showing the flux tube current decomposed into the contribution from LHCD and the contribution from the residual Ohmic current is shown in figure 3.
FIGURE 2:
Driven current profile during 100% non-inductive portion of discharge is broadened but with significant on-axis contribution FIGURE 3: The reconstructed current profile during LHCD is decomposed into residual Ohmic component scaled from the pre-LHCD and the contribution from the LHCD.
In Figure 4 the flux tube current profile is plotted at the various different densities (right pane) and the resulting hard X-ray emission is plotted along with the previously reported data (left pane). Note how the driven current decreases and the location of the driven current shifts outward as the density is raised. This will be an important feature to compare to simulations of LHCD current drive in this density regime.
IV. CONCLUSIONS AND ACKNOWLEDGMENTS
The current profile including lower hybrid current drive was measured on Alcator C-Mod using the upgraded motional Stark effect diagnostic and a within-shot calibration technique. The results show the current dynamics operate on the expected timescales and lower hybrid deposits current off-axis. The 100% non-inductive current profile is broad with a significant on-axis contribution. A simple model is used to estimate the LHCD current profile in shots with some residual Ohmic drive. As the density is increased, equlilibrium reconstructions based on MSE profile measurements indicate the LHCD effect is lost, consistent with previous 0-D observations, and the driven current profile moves radially outward which will constrain proposed theoretical models of the observed degradation. Future work will include reconstructions of the driven current profile in scans of plasma current, launched n || and LHCD power as well as comparisons to models including various effects that may play a role in the loss of current drive efficiency at high density.
